Subcellular fractionation. Subcellular fractionation was performed as described previously (5) . Cells were washed twice with cold phosphate-buffered saline (PBS) and resuspended in 1 ml hypotonic lysis buffer (1 mM EGTA, 1 mM EDTA, 10 mM ␤-glycerophosphate, 0.5 mM sodium orthovanadate, 2 mM MgCl 2 , 10 mM KCl, 1 mM dithiothreitol [DTT] , 40 g of phenylmethylsulfonyl fluoride per ml, 10 g of leupeptin per ml, and 10 g of aprotinin per ml; pH 7.2). After swelling on ice for 30 min, the cells were disrupted by Dounce homogenization (20 strokes). The homogenate was layered onto 1 ml of 1 M sucrose in lysis buffer and centrifuged at 1,600 ϫ g for 15 min to pellet the nuclei. The supernatant above the sucrose cushion was collected and centrifuged at 150,000 ϫ g for 30 min at 4°C to collect the soluble or cytoplasmic fraction. The nuclear pellet was resuspended in lysis buffer containing 1% NP-40 and 0.5% deoxycholate. The nuclear lysates were sonicated briefly on ice and centrifuged to remove the undissolved debris. The supernatant was used as a nuclear fraction.
Immunoprecipitation and immunoblot analysis. Cells (2 ϫ 10 7 to 3 ϫ 10 7 ) were washed twice with ice-cold PBS and lysed in 1 ml of lysis buffer (50 mM Tris, pH 7.4; 150 mM NaCl; 0.5% NP-40; 0.5% Brij-96; 1 mM sodium vanadate; 1 mM phenylmethylsulfonyl fluoride; 1 mM DTT; 10 g of leupeptin and aprotinin per ml). Soluble proteins (ca. 200 g) were incubated with anti-c-Abl (2 g, K12; Santa Cruz Biotechnology, San Diego, Calif.) or anti-MEKK-1 (1 g) (37) for 1 h and precipitated by using protein A-Sepharose for an additional 30 min. The immune complexes were washed three times with lysis buffer, separated by electrophoresis in 7.5 or 10% sodium dodecyl sulfate (SDS)-polyacrylamide gels, and then transferred to nitrocellulose filters. After blocking with 5% milk in PBST (PBS in 0.05% Tween 20) , the filters were incubated with anti-c-Abl (1:1,000 dilution, monoclonal antibody Ab-3; Oncogene Science) or anti-MEKK-1 (1:500 dilution) for 1 h and analyzed by chemiluminescence (ECL Detection System; Amersham).
Fusion protein binding assays. Glutatione S-transferase (GST)-MEKK-1 was purified by affinity chromatography using glutathione-Sepharose beads. Lysates (200 to 250 g) were incubated with 5 g of immobilized GST or GST-MEKK-1 for 2 h at 4°C. The resulting protein complexes were washed three times with lysis buffer containing 0.1% NP-40 and boiled for 5 min in SDS sample buffer. The complexes were then separated by SDS-7.5% polyacrylamide gel electrophoresis (PAGE) and subjected to immunoblot analysis with anti-c-Abl (1:1,000 dilution). Lysates from irradiated U-937 cells were incubated with 5 g of GST or GSTc-Abl SH3 (52) for 2 h at 4°C. The SH3 domain of c-Abl consists of 50 to 60 amino acids near the N terminus (nucleotides 209 to 408) that mediate proteinprotein interactions by binding to proline-containing sites (52) .
Coupled kinase assays. Cells (2 ϫ 10 7 to 3 ϫ 10 7 ) were washed with PBS and lysed in 1 ml of lysis buffer. The cleared supernatants (600 l) were incubated with preimmune rabbit serum (PIRS) or anti-c-Abl (2 g, K12; Santa Cruz). The precipitated proteins were recovered on protein A-Sepharose beads and washed three times with lysis buffer, twice with 1 M LiCl, and twice with kinase buffer A (50 mM HEPES, 10 mM MgCl 2 , 2 mM DTT, 0.1 mM NaV). The immunoprecipitated proteins were incubated with purified soluble GST-SEK1 (0.3 to 0.5 g) in the presence of Mg 2ϩ and ATP for 15 min at 30°C. The reaction was terminated by sedimentation of the beads. The supernatant was incubated with recombinant SAPK purified from bacteria for 15 min at 30°C followed by addition of GST-Jun and then incubation for an additional 15 min before termination with SDS.
Transient transfections and immunoprecipitations. 293T cells were seeded 24 h before transfection. Each plate was transfected in the presence of 1 ml of calcium phosphate coprecipitate containing 5 g of DNA. After 12 h of incubation at 37°C, the medium was replaced and the cells were incubated for another 24 h. Cell lysates were prepared as described above and 200 to 250 g of soluble proteins was incubated with PIRS, anti-c-Abl, anti-hemagglutinin (anti-HA), anti-GST, or anti-MEKK-1 and then analyzed by immunoblotting with the indicated antibodies. The protein complexes were washed with lysis buffer and then incubated in kinase buffer containing [␥-32 P]ATP for 15 min at 30°C. Reactions were terminated by the addition of SDS-PAGE sample buffer and boiling. Phosphorylated proteins were resolved by SDS-PAGE and autoradiography.
c-Jun kinase assays. 293T cells were transfected with pEBG-SAPK (57), pEBG-SEK1 (57), HA-MEKK-1 (75), HA-MEKK-1(K-R) (75) , and c-Abl (58) or c-Abl(K-R) (58) . After 12 h of incubation at 37°C, the medium was replaced and the cells were incubated for another 24 h. Cell lysates were prepared as described above, and 200 to 250 g of soluble proteins was incubated with 5 g of immobilized GST for 30 min at 4°C. The protein complexes were washed with lysis buffer and then incubated in kinase buffer containing [␥-32 P]ATP for 15 min at 30°C. Reactions were terminated by the addition of SDS-PAGE sample buffer and boiling. Phosphorylated proteins were resolved by SDS-PAGE and analyzed by autoradiography.
In vitro binding of c-Abl and MEKK-1. The 85-kDa truncated form of MEKK-1 (70, 71) was labeled with [ 35 S]methionine using pSupercatch-MEKK-1 (17, 21) in an in vitro translation system (TNT T7 Coupled Reticulocyte Lysate System; Promega). 35 S-labeled MEKK-1 was incubated with glutathione-Sepharose beads bound to GST-c-Abl, GST-c-Abl(K-R), or GST in buffer A (50 mM HEPES, pH 7.4; 10 mM MnCl 2 ; 10 mM MgCl 2 ; 100 M ATP) for 30 min at 30°C. Adsorbates were assayed by SDS-PAGE and autoradiography.
In vitro phosphorylation of MEKK-1. GST-MEKK-1 (5 g, Escherichia coli derived, 14-176; Upstate Biotechnology) or GST was incubated in buffer A with GST-c-Abl and [␥-32 P]ATP for 30 min at 30°C. H 6 -MEKK-1 (amino acids 565 to 1100; Santa Cruz Biotechnology) was separately incubated with GST-c-Abl and [␥-32 P]ATP for 30 min at 30°C. Phosphorylation of the reaction products was assessed by SDS-PAGE and autoradiography. Kinase reactions were also performed in the presence of cold ATP, and the phosphorylated products were separated by SDS-PAGE, transferred to nitrocellulose, and analyzed by immunoblotting with anti-P-Tyr.
MEKK-1 activity assays in vitro.
A cDNA for the carboxy-terminal 80-kDa MEKK-1 was amplified by PCR using the rat full-length MEKK-1 (75) as a template and cloned into the yeast p426GAG expression vector which contains the GST domain under control of the yeast GAL1 promoter (63) . GST-MEKK-1 (yeast derived; yMEKK-1) (24) or GST bound to glutathione beads was pretreated with calf intestinal alkaline phosphatase (1 l, 27.8 U/l; GIBCO-BRL) for 1 h at 37°C. The beads were washed three times with lysis buffer containing 1% NP-40, twice with 0.5 M LiCl-100 mM Tris-HCl (pH 7.6), and once with kinase buffer B (20 mM Tris-HCl, pH 7.6; 20 mM MgCl 2 ; 2 mM CaCl 2 ). To purify c-Abl, Sf9 cells were infected with baculoviruses expressing GST-c-Abl or GST-c-Abl(K-R), and the lysates were purified by glutathione beads. GST-c-Abl or GST-c-Abl(K-R) fusion proteins were eluted from the beads and used in the kinase reactions. The beads containing GST-MEKK-1 were then incubated in buffer B in the presence of 1.0 l of recombinant purified c-Abl or recombinant purified c-Abl(K-R) for 30 min at 30°C. After the kinase reaction, the beads were washed three times with lysis buffer containing 1% NP-40, twice with 0.5 M LiCl-100 mM Tris-HCl (pH 7.6) containing 1% NP-40 and 0.5% deoxycholic acid, and once with 50 mM HEPES (pH 7.4), 10 mM MgCl 2 . Kinase reactions were performed in 50 mM HEPES (pH 7.4), 10 mM MgCl 2 , 20 M ATP, [␥-32 P]ATP, and 5 g of GST-SEK1(K-R) (57) for 5 min at 30°C. The reaction was terminated by the addition of SDS sample buffer and boiling. The reaction products were analyzed by SDS-PAGE and autoradiography. tivity of anti-HA with a Ͼ200-kDa protein supported the coprecipitation of MEKK-1 and c-Abl (Fig. 1A) . In the reciprocal experiment, anti-HA immunoprecipitates were subjected to immunoblot analysis with anti-c-Abl. The results confirmed the identification of a complex containing MEKK-1 and c-Abl (Fig. 1B, upper panel) . Analysis of anti-HA immunoprecipitates by immunoblotting with anti-HA demonstrated overexpression of HA-MEKK-1 (Fig. 1B, bottom panel) . Lysates from transfected 293T cells were also subjected to immunoprecipitation with anti-c-Abl. Analysis of protein precipitates by immunoblotting with anti-c-Abl demonstrated equal levels of c-Abl under both experimental conditions (Fig. 1B , middle panel). 293T cells were also transiently cotransfected with c-Abl and pEBG-SEK1, pEBG-SAPK, or HA-MEKK-1. GSTprotein adsorbates or anti-HA immunoprecipitates were analyzed by immunoblotting with anti-c-Abl. The results demonstrate that, in contrast to MEKK-1, there is no detectable association of c-Abl with SEK1 or SAPK (Fig. 1C) . Analysis of anti-GST and anti-HA protein precipitates by immunoblotting with anti-GST and anti-HA, respectively, demonstrated equal expression of GST-SEK1, GST-SAPK, and HA-MEKK-1 (data not shown). Taken together, these findings indicate that c-Abl specifically associates with MEKK-1. Fig. 2D ). SAPK is activated by TNF (35) , but by a c-Abl-independent mechanism (30) . In this context, unlike IR and alkylating agents, TNF failed to induce the binding of c-Abl and MEKK-1 (Fig. 2D) .
RESULTS

Interactions
DNA damage induces the interaction of nuclear c-
To define the subcellular localization of the interaction between c-Abl and MEKK-1, we subjected nuclear and cytoplasmic lysates from control and irradiated cells to immunoprecipitation with anti-c-Abl. Immunoblot analysis of the immunoprecipitates from control cells demonstrated little if any reactivity with MEKK-1 in the nuclear fraction. A low constitutive interaction between c-Abl and MEKK-1 was detected in the cytoplasmic fraction (Fig. 3C) . By contrast, the association of c-Abl and MEKK-1 was significantly increased in the nuclear, but not cytoplasmic, lysates from irradiated cells (Fig. 3A and C) . This interaction between c-Abl and MEKK-1 was further examined in a reciprocal experiment in which anti-MEKK-1 immunoprecipitates from nuclear extracts of control and irradiated cells were analyzed by immunoblotting with anti-c-Abl. The results confirmed the association of nuclear c-Abl and MEKK-1 (Fig. 3B) . To determine whether MEKK-1 translocates in response to genotoxic stress, anti-MEKK-1 immunoprecipitates from nuclear lysates of control and irradiated cells were analyzed by immunoblotting with anti-MEKK-1. The results demonstrate little, if any, change in nuclear MEKK-1 levels in the response to IR (data not shown). Taken together, these findings suggest that nuclear c-Abl associates with MEKK-1 in response to genotoxic stress.
To determine the nature of the interaction of c-Abl and MEKK-1, lysates from irradiated U-937 cells were incubated with GST or GST-MEKK-1, and the resulting precipitates were analyzed by immunoblotting with anti-c-Abl. In contrast to GST, c-Abl was detectable in the adsorbates to GST-MEKK-1 (Fig. 4A ). Since MEKK-1 has a potential binding sequence for the c-Abl SH3 domain (PCSSAPSVP; aa 967 to 975) (16, 52) , lysates from irradiated U-937 cells were incubated with GST or GST-Abl SH3 (52) , and the resulting precipitates were analyzed by immunoblotting with anti-MEKK-1. The results demonstrate that, in contrast to GST, MEKK-1 was detectable in the adsorbates to GST-c-Abl SH3 (Fig. 4B) . Of note, preparation of GST-MEKK-1 in bacteria may not accu- Fig. 5A) . Similar results were obtained when a purified His-tagged MEKK-1 (aa 565 to 1100) protein was used as a substrate for the active c-Abl kinase (data not shown). To confirm tyrosine phosphorylation of His-tagged MEKK-1, purified c-Abl was incubated with His-tagged MEKK-1 in the presence of cold ATP. The phosphorylated proteins were separated by SDS-PAGE, transferred to nitrocellulose, and analyzed by immunoblotting with anti-P-Tyr. The results demonstrate tyrosine phosphorylation of His-tagged MEKK-1 by c-Abl (Fig. 5B) . To assess c-Abldependent tyrosine phosphorylation of MEKK-1 in cells, 293T cells were cotransfected with HA-MEKK-1 and wild-type cAbl or c-Abl(K-R). The lysates were subjected to immunoprecipitation with anti-HA and analyzed by immunoblotting with anti-P-Tyr antibody. To monitor expression of HA-MEKK-1, anti-HA immunoprecipitates were also analyzed by immunoblotting with anti-HA. The results demonstrate c-Abl kinasedependent tyrosine phosphorylation of MEKK-1 (Fig. 5C ). To assess c-Abl-dependent tyrosine phosphorylation of MEKK-1 in response to genotoxic stress, embryo fibroblasts from wildtype and Abl Ϫ/Ϫ mice were treated with CDDP, and anti- MEKK-1 immunoprecipitates were analyzed by immunoblotting with anti-P-Tyr. The results demonstrate that treatment of wild-type, but not Abl Ϫ/Ϫ , fibroblasts with CDDP is associated with an increase in tyrosine phosphorylation of MEKK-1 (Fig.  5D ). Taken together, these findings support c-Abl-mediated phosphorylation of MEKK-1 in vitro and in the response to genotoxic stress.
c-Abl activates MEKK-1 in vitro and in the response to DNA damage. To determine whether c-Abl affects MEKK-1 activity, kinase-active (yeast-derived) yMEKK-1 bound to glutathione beads was incubated with alkaline phosphatase to inhibit constitutive autophosphorylation. After incubation, the beads were thoroughly washed and incubated in the presence of purified c-Abl or c-Abl(K-R) and ATP. The GST-MEKK-1-containing beads were washed again after the first kinase reaction and then incubated with purified SEK1(K-R) and [␥-
32 P]ATP. The phosphorylated products were analyzed by SDS-PAGE and autoradiography. The results demonstrate that, in contrast to c-Abl(K-R), preincubation of c-Abl with GST-MEKK-1 and then removal of c-Abl is associated with induction of MEKK-1 activity (Fig. 6A) . The results also demonstrate that phosphorylation of GST-MEKK-1 is increased in the presence of c-Abl (Fig. 6A) . As a control, protein analysis demonstrated equal amounts of SEK1(K-R) in the kinase reactions (Fig. 6A, middle panel) . To determine if c-Abl activates MEKK-1 in cells, we transiently overexpressed wild-type c-Abl or c-Abl(K-R) (58) in 293T cells and measured phosphorylation of purified GST-SEK1(K-R) by anti-MEKK-1 immunoprecipitates. The results demonstrate increased phosphorylation of GST-SEK1(K-R) by endogenous MEKK-1 in cells overexpressing wild-type c-Abl, but not c-Abl(K-R) (Fig. 6B) . U-937 cells were also exposed to IR and anti-c-Abl immunoprecipitates were incubated with GST-SEK1(K-R) in kinase reactions. The results demonstrate that anti-c-Abl immunoprecipitates from IR-treated, but not untreated, U-937 cells exhibit increased phosphorylation of GST-SEK1(K-R) (Fig. 7A) . By contrast, incubation of purified c-Abl with GST-SEK1 (K-R) demonstrated no detectable phosphorylation (Fig. 7B) . To assess c-Abl-dependent activation of MEKK-1 in response to DNA damage, wild-type and c-Abl Ϫ/Ϫ mouse embryo fibroblasts were treated with CDDP, and anti-MEKK-1 immunoprecipitates were assayed by in vitro immune complex kinase assays by using GST-SEK1(K-R) as the substrate. The results demonstrate that treatment of wild-type, but not c-Abl Ϫ/Ϫ , fibroblasts with CDDP is associated with an increase in activation of MEKK-1 (Fig. 7C ). These findings demonstrate that phosphorylation of MEKK-1 by c-Abl is associated with induction of MEKK-1 kinase activity in vitro and in response to genotoxic stress. 3 and lanes 2 and 4) . Induction of SAPK activity by c-Abl-mediated activation of MEKK-1. Coupled kinase assays were performed to assess activation of MEKK-1 in the response to DNA damage. Lysates from control and IR-treated U-937 cells were subjected to immunoprecipitation with anti-c-Abl. After being washed, the immunoprecipitated proteins were incubated with purified GST-SEK1 in the presence of Mg 2ϩ and ATP. The ability of activated GST-SEK1 to stimulate recombinant SAPK was determined by SAPK-catalyzed phosphorylation of GSTJun(2-102). Anti-c-Abl immunoprecipitates from IR-treated, compared to untreated, cells exhibited increased phosphorylation of GST-Jun (Fig. 8A) . GST-Jun phosphorylation was not induced if the anti-c-Abl immunoprecipitates containing MEKK-1 were incubated with purified, kinase-inactive SEK1(K-R), instead of SEK1, in the coupled kinase assays (Fig. 8B) . Moreover, there was little if any GST-Jun phosphorylation when SEK1 or SAPK was not included in the assays (Fig. 8B) . Taken together, these results support a model in which c-Abl activates SAPK by a MEKK-1-dependent mechanism. However, the present studies do not exclude the possibility that c-Abl stimulates the SAPK pathway by MEKK-1-independent mechanisms.
To determine whether other DNA-damaging agents activate SAPK by a c-Abl-mediated activation of MEKK-1, U-937 cells were treated with CDDP, and GST-Jun phosphorylation was assessed in anti-c-Abl immunoprecipitates by coupled-kinase assays. The results demonstrate that treatment of U-937 cells with CDDP is associated with a c-Abl-mediated increase in GST-Jun phosphorylation (Fig. 9A) . The results also demonstrate that CDDP is a potent inducer of SAPK activity (Fig.  9B) . In contrast to DNA-damaging agents, TNF induces SAPK activity by a c-Abl-independent mechanism (30, 48) . In concert with these findings, anti-c-Abl immunoprecipitates from the TNF-treated cells failed to exhibit activation of recombinant SAPK in the coupled-kinase assays (Fig. 8A) , although TNF exposure of cells was associated with activation of SAPK (Fig.  9C) . These findings indicate that induction of SAPK by genotoxic stress is mediated at least in part by c-Abl-dependent activation of MEKK-1.
To further address the role of c-Abl in activation of SAPK, we transiently transfected 293T cells with wild-type c-Abl or c-Abl(K-R) in the presence of pEBG-SEK1 and pEBG-SAPK. The results demonstrate that transfection of c-Abl and not c-Abl(K-R) activates SAPK (Fig. 10A) . To address the relationship between c-Abl and MEKK-1, we transiently transfected 293T cells with c-Abl in the presence or absence of MEKK-1 or MEKK-1(K-R) (76) . The cells were also cotransfected with pEBG-SEK1 and pEBG-SAPK. Glutathione-agarose protein complexes were assayed for in vitro phosphorylation of GST-Jun. The results demonstrate that transfection of MEKK-1, but not MEKK-1 (K-R), stimulates SAPK activity and that cotransfection of c-Abl and MEKK-1 further induces SAPK activity (Fig. 10B) . The results further demonstrate that expression of MEKK-1(K-R) blocks c-Abl-induced activation of SAPK (Fig. 10B) . As a control, immunoblot analysis of total lysates with anti-GST demonstrated equal expression of SEK-1 and SAPK in the different experimental conditions (data not shown).
Previous studies have shown that dominant-negative mutants of the small GTPases Cdc42Hs and Rac1 block SAPK activation induced by inflammatory cytokines and tyrosine kinases (8, 66) . In this context, TNF activates SAPK by a pathway involving the Pyk2 tyrosine kinase, Cdc42Hs, and Rac1 (8, 66) . Importantly, overexpression of the Cdc42Hs or Rac1 dominant-negative mutants failed to block c-Abl-induced activation of SAPK (data not shown). Cdc42Hs and Rac1 function upstream to the protein kinase PAK1 (81) and MEKK-1 (8) . Both PAK1 and MEKK-1 bind to Cdc42Hs and Rac1 (G. Fanger and G. Johnson, unpublished data). In concert with our results indicating the lack of involvement of Cdc42Hs and Rac1, the dominant-negative mutant of PAK1 failed to block activation of SAPK by c-Abl (data not shown). These findings provide support for a model in which MEKK-1 interacts with c-Abl in the response to DNA damage and with the Cdc42Hs-Rac1-PAK1 complex in the activation of SAPK by inflammatory cytokines.
DISCUSSION
DNA damage activates SAPK and c-jun gene expression.
Eukaryotic cells respond to DNA damage with cell cycle arrest, activation of DNA repair and, under certain circumstances, induction of apoptosis. The signals that determine cell fate, i.e., repair of DNA damage and survival or activation of cell death mechanisms, remain unclear. The exposure of diverse types of mammalian cells to IR and other DNA-damaging agents is associated with induction of SAPK activity (6, 7, 29-31, 69, 80) . The findings that SAPK is also activated in cells treated with inflammatory cytokines, heat shock, anisomycin, and UV (9, 10, 35) have implicated the SAPK pathway in the response to a variety of cell stresses. However, the demonstration that SAPK is activated by mitogens (15, 46) and that certain SAPK isoforms are required for transformation and differentiation (24) have supported diverse functions for this kinase. The SAPK cascade induces the phosphorylation and activation of transcription factors that include c-Jun, Elk-1, and ATF-2 (45) . The transactivation function of c-Jun is stimulated by SAPK-mediated phosphorylation of Ser-63 and Ser-73 sites (10, 12, 35) . Binding of activated c-Jun to the AP-1 site in the c-jun gene promoter contributes to the activation of c-jun transcription (1, 25) . In this context, induction of SAPK activity in the response to IR and other DNA-damaging agents is associated with activation of c-Jun and transcription of the c-jun gene (32, 54, 61) . The functional significance of c-Jun activation and c-jun transcription to the DNA damage response is presumably related to the induction of later-response genes that determine cell fate. Activation of SAPK has been linked to the induction of apoptosis in the response to IR, TNF, and growth factor withdrawal (69, 73) . Thus, DNA-damage-induced activation of SAPK appears to represent a signal that contributes at least in part to the apoptotic response. Activation of c-Abl induces SAPK activity. The mechanisms by which DNA damage is converted into intracellular signals that control cell behavior are largely unknown. Genetic studies have established that the DNA-PK complex is involved in the sensing of DNA double-strand breaks and in the repair of these lesions. The protein kinase catalytic subunit of DNA-PK (DNA-PK cs ) is targeted to DNA breaks by association with the Ku DNA-binding heterodimer (Ku70-Ku80) (28) . The DNA-PK cs interacts constitutively with c-Abl (28) . Importantly, DNA-PK cs /Ku complexes phosphorylate and activate c-Abl in the presence of DNA (28) . Other studies have supported a role for ATM like that found for DNA-PK, in which signals activated by DNA lesions are transduced to the c-Abl kinase as an effector of the DNA damage response (2, 60) . The demonstration that Abl Ϫ/Ϫ cells exhibit a defective SAPK response to DNA-damaging agents has supported a role for c-Abl as an upstream effector of SAPK activation (30) . Further support for involvement of c-Abl in SAPK signaling is provided by the finding that the introduction of c-Abl into Abl Ϫ/Ϫ cells restores DNA-damage-induced SAPK activation (30) . By contrast, another study has reported that Abl Ϫ/Ϫ cells respond to IR with induction of SAPK (40) . The apparent discrepancy in findings can be explained by the demonstration that activation of SAPK by IR and other DNA-damaging agents is c-Abl dependent in proliferating cells (30) . However, confluent, growth-arrested cells fail to exhibit c-Abl-dependent activation of SAPK in the DNA damage response. These findings suggest that the SAPK response to IR and certain other genotoxic agents is regulated by c-Abl-dependent and -independent mechanisms that are dictated by the cell cycle or cell-cell interactions. In this context, recent studies have demonstrated that cell-cell and cellmatrix contacts play a critical role in the regulation of SAPK and p38 MAP kinases (36) . Additional evidence in support of a role for c-Abl in the regulation of SAPK signaling has been derived from expression of constitutively activated forms of Abl. Overexpression of the kinase-active pGNG Abl deleted at the SH3 domain is associated with a pronounced induction of SAPK activity (29, 57) . Other constitutively active forms, such as Bcr-Abl and v-Abl, have also been found to induce SAPK activity (50, 53) . The present results demonstrate that the association of c-Abl with MEKK-1 is predominantly detectable in a nuclear complex. By contrast, activation of SAPK by oncogenic Abl variants is mediated primarily by cytoplasmic signals and MEKK-1-independent mechanisms. Taken together, these findings support a model in which c-Abl activation is an upstream effector of both nuclear and cytoplasmic SAPK signaling.
Interactions of c-Abl and MEKK-1.
Previous studies have demonstrated that the kinase domain of MEKK-1 interacts directly with Ras in a GTP-dependent manner (55) . MEKK-1 also interacts with Rac and Cdc42 in the induction of SAPK by epidermal growth factor stimulation (15) . In the response of cells to TNF, the germinal center kinase (GCK) interacts with MEKK-1 in coupling of the TNF receptor-associated factor 2 to SAPK activation (79) . Also, in phorbol ester-induced monocytic differentiation, PKC␤ interacts directly with MEKK-1 (24) . In addition and in concert with functioning as an upstream effector of SAPK, the N-terminal, noncatalytic domain of MEKK-1 binds directly to SAPK isoforms (74) . The present studies demonstrate that, while there is little, if any, constitutive association of c-Abl and MEKK-1 in cells, exposure to DNA-damaging agents induces the interaction. Overexpression of c-Abl and MEKK-1 by transient transfection also results in the formation of c-Abl-MEKK-1 complexes. Subcellular fractionation studies of IR-treated cells demonstrate that the interaction between c-Abl and MEKK-1 occurs predominantly in the nucleus. In addition, the finding that c-Abl phosphorylates MEKK-1 demonstrates that this interaction is direct. Other work has demonstrated that PKC␤ phosphorylates and activates MEKK-1 in phorbol ester-treated cells (24) . MEKK-1 is also phosphorylated by Pyk2 in the response of cells to TNF or UV light (13, 66) . In the present study, c-Abl- Interaction of c-Abl and MEKK-1 in response to specific DNA lesions. The demonstration that c-Abl interacts with MEKK-1 in the response to DNA damage positions c-Abl at a level of regulation comparable to that of the Ste20 kinase in S. cerevisiae. The HPK-1 and GCK serine-threonine kinases are mammalian homologs of Ste20 that function as upstream effectors of SAPK. HPK-1, a kinase found in hematopoietic precursors, activates SAPK by a mechanism involving the SH3-containing MLK-3 kinase (6, 7, 33, 65) . HPK-1 interacts directly with the SH3 domain of c-Abl (33); however, it is not known if HPK-1 interacts with MEKK-1 or is required for c-Abldependent induction of SAPK activity. GCK is expressed in the germinal center B cells of lymphoid follicles and is activated by TNF (26, 49) . The regulatory domain of GCK binds to both TRAF2 and MEKK-1 in coupling of the TNF receptor 1 to the SAPK pathway (79) . TNF has no detectable effect on c-Abl activation, and TNF-induced SAPK activity is mediated by a c-Abl-independent mechanism (30, 48) . These findings distinguish TNF-and DNA-damage-induced activation of SAPK by c-Abl-independent and -dependent mechanisms, respectively. UV-induced activation of SAPK involves induction of Pyk2 tyrosine kinase activity (13, 66) . UV light damages DNA and also activates signaling at the cell membrane. The available evidence indicates that UV, like TNF, induces SAPK activity by a c-Abl-independent mechanism (30, 48) . Activation of SAPK by the alkylating agent methyl methanesulfonate (MMS) is also mediated by a c-Abl-independent event (48, 72) . In this regard, MMS activates Pyk2 and thereby activates SAPK (47) . Thus, the available evidence indicates that UV light and MMS activate SAPK by Pyk2-dependent signals that originate at the cell membrane. The present findings support a distinct model in which genotoxic agents activate nuclear c-Abl and thereby activate the MEKK-13SAPK pathway.
